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FOREWORD

g

This document presents the results of a study of

the application of the Mechanical Impact System

Design for Advanced Spacecraft (MISDAS) to the AES-

type spacecraft. The study was conducted by the

Space and Information Systems ]Division of North

American Aviation, Inc. for the Manned Spacecraft

Center of the National Aeronautics and Space Admin-

istration under Contract NAS9-4915, Modification 2,

dated December 22, 1965. The MISDAS study is

being performed by S&ID under the technical cogni-

zance of J. McCullough of the Mechanical and Landing

Systems Branch, NASA/MSFC. The work was per-

formed by a team of Research and Engineering

personnel, and coordinated with Apollo and AES

Engineering in those areas where implementation

of the land impact system could influence vehicle

design, cost, or schedule.

This report was prepared by A.I. Bernstein,

Project Manager, NAA/S&ID. Major contributors

were A.S. Musicman, Project Engineer; H. Bransky,

E.M. Van Alstyne, and R.S. Barr, Design Engi-

neers; J. Partin and D. Herting, Dynamic Engineers;

C.C. Haynie, Manufacturing Engineer; W.A. Bateman,

Structures Engineer; and A. Kusano, Weights Engineer.
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I NTRODUCTI ON

The Space and Information Systems Division (S&ID) of North American

Aviation, Inc. (NAA), under contract to the National Aeronautics and Space

Administration, Manned Spacecraft Center (NASA/MSC) has initiated develop-

ment of an earth landing system for advanced Apollo-type spacecraft.

Contract NAS9-4915 is a preliminary design study to select a landing impact-

absorption system that (I) can be incorporated in the Apollo command module

with minimum structural modification, (2) will provide a stable landing plat-

form, (3) will prevent vehicle overturning and damage to the structure, and

(4) will permit the spacecraft to be reused with refurbishment after each

landing. The study, which encompasses preliminary design and limited sta-

bility analyses of candidate systems, is concerned with mechanical systems

(i.e. , devices that require contact with the landing surface to absorb impact

energy).

In Phase I, completed September 20, 1965, preliminary design, stabil-

ity, and structural evaluations of candidate design concepts were conducted.

These tradeoffs led to the recommendation that two concepts be studied

further to identify an optimum system. One concept (Figure i) employs a

six-legged segmented heat shield; the other concept (Figure 2) uses an

extended aft heat shield and 12 radially deployed skids. This work was

reported in Reference I.

Phase II of this program encompasses a more detailed design, stability

analysis, and structural analysis of the selected concepts. It includes the

definition of the impact system, sizing of the primary members, selection of

materials and construction, analytical verification of the stability envelope,

definition of modifications required in the spacecraft structure for the design

conditions and for higher descent velocities, and preliminary formulation of

a program for development and qualification of the selected system.

Modification 2 of the MISDAS contract, reported herein, requires a

study of the application of the two landing systems identified in Phase I to an

AES-type vehicle. The study includes the preliminary design, structural

analysis, and stability analysis of the two landing systems using the AES

spacecraft specified weight, landing velocities, and spacecraft attitudes;

preliminary study of the relocation of equipment in the aft compartment of

AES installation and deployment of the retrorocket systems; and preliminary

manufacturing and program development studies. The detailed stress calcu-

lations are presented in Appendix A of this report.

- 1 -
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Figure i. Six-Legged Gear Design

Figure 2. Deployable Heat Shield, Radially Extended Skids

-2 -
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To perform landing stability studies, analytical programs were

developed that calculate and record the motion of the spacecraft about

three axes as a function of time after ground contact. The programs

consider variation in spacecraft vertical and horizontal velocity, attitude

and orientation, shock strut load-stroke characteristics, and ground

coefficient of friction. The stability analysis of the legged vehicle was

performed employing a new computer program which describes the vehicle's

motion about three axes. The Apollo two-body stability analysis computer

program was modified to describe the geometry of the vehicle with deployed

heat shield and radial skids. The stability investigations indicated that

both design concepts can perform stable landings over the specified design

envelope of horizontal and vertical velocities, landing attitudes, and ground

conditions.

The design drawings and analyses presented in this report identify

major members of each MISDASinstallation, the retrorocket systems,

materials, and structural member sizes. The stress and weights analyses

indicate that the six-legged segmented heat shield concept can be incorpo-

rated in AES for a vehicle weight increase of 556 pounds; the radially

deployed skid concept would require a weight increase of 737 pounds. Pre-

liminary manufacturing and program development studies indicate that both

systems appear to be technically feasible and capable of development and

qualification in about the same time span.

A development program for MISDAS application is also presented.

Specific areas recommended for follow-on include the development of

segmented heat shields, extension of the stability analysis programs to

incorporate the response of the ground-to-vehicle impact, and utilization of

scale-model tests to verify the MISDAS/AES vehicle stability envelope.

The study of the Application of MISDAS to AES was to determine the

structural aspects and landing dynamic characteristics of a MISDAS system

for an AES-type spacecraft. The design criteria established were not

intended to encompass the complete AES operational requirements. The

effects of system failure, such as single retrorocket failure and subsequent

effect on spacecraft stability, failure of the heat shield to extend, etc.,

were not within the scope of this study. These factors must be analyzed

more thoroughly before a system design can be selected for incorporation

on AES.

The final report of this contract will contain analyses of the

14000 pound spacecraft originally considered, effects of higher rates of

descent and coefficients of friction, and complete stability analyses of the

MISDAS system.

-3-
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GUIDELINES, CONSTRAINTS, AND DESIGN CRITERIA

To evaluate installation of MISDAS in AES, the specific guidelines,

constraints, and design criteria listed below were established. These

criteria define the basic spacecraft geometry, landing conditions, stability

requirements, acceleration limits, vehicle performance, ground surface

properties, and material properties used in the study.

MISDAS DESIGN REQUIREMENTS

Design requirements for MISDAS are as follows:

iI The system will require contact with the landing surface to absorb

impact energy.

go The system will be stowed during flight and deployed prior to

landing.

3. Deployment time is not to exceed 30 seconds.

1 The system will be designed for maximum reliability, simplicity,

and efficiency.

So The vehicle will not overturn during landing and shall not sustain

damage to the inner structure.

. The established crew tolerances for impact accelerations and

onset rates will not be exceeded.

o Design will be compatible with the Apollo structural drawings so

that a minimum of structural modification is required for stowage

and to support loads during impact.

. The design will be optimized for minimum weight and stowed

volume. It is a design goal to restrict the impact system weight

to 3. 5 percent of the total landing weight of the spacecraft.

9. No part of the system will be located inside the crew compartment.

-5-
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10. The energy absorbing portion of the system can be designed for

minor refurbishing after each landing.

II. Ultimate design loads for the overall system will be I. 33 times

greater than those experienced while landing under the worst

combination of the following performance criteria. Ultimate

desig1_ loads for components which impact the ground shall be

equal to those experienced while landing under the worst combi-

nation of the following performance criteria.

PERFORMANCE CRITERIA

Performance criteria for MISDAS and AES are as follows:

Ii

2.

3.

4.

Item

Vehicle landing weight

Rate of descent

Horizontal velocity

Landing surface

a. Ground slope

b. Holes and

1

protuberances

c. Coefficient of

friction

Spacecraft attitude

a. Roll

b. Pitch

c. Yaw

d. Suspension angle

e° Suspension angle

tolerance

MISDAS

14,000 pounds

0 to 15 ft/sec

Figure 3

Soil and water

+5 °

+3 inches

0.35 to 1.0

-4-10°

4-10°

±I0 °

27 °

(Water impact)

0 o

(Land impact)

4-2°

MISDAS/AES

Application

I0,600 pounds

0 to 15 ft/sec

Figure 3

Soil and water

4-5°

0.35

4-10 °

4-10 °

4-10 °

4-2 °

_
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It shall be a design goal for the system to accommodate landings of a

roll angle of 180 degrees (backwards).

Figure 3 shows the basis for the horizontal velocity and spacecraft

attitude criteria. This graph has horizontal velocity plotted as a function of

spacecraft alignment with the wind direction (roll). This assumes emergency

wind conditions of 51 feet per second and a parachute lift-to-drag ratio of I,

which provides a horizontal velocity of 30 feet per second.

The shaded area of the curve represents the normal landing conditions.

At zero-degree roll, or direct alignment into the wind, the horizontal landing

velocity would be 81 feet per second, while the vehicle landing at 180 degrees

roll, or against the wind, would have a backward velocity of 21 feet per

second.

The landing system designed under the subjectcontractwill accommo-

date all combinations of horizontal velocities and wind alignment conditions

shown in Figure 3, in addition to the reserve chute landing conditions.

Descending on the reserve chute, the vehicle canland ata horizontalvelocity

of 50 feet per second, with rollattitude random with respect to wind direction.

SOIL CONDITIONS

All translational motion after initial contactis assumed to be in the form

of skidding or sliding, acting parallel to the ground surface. No rebound, soil-

vehicle deflection, earth cratering, or variation in the coefficient of friction

during the landing sequence is considered.

MATERIAL PROPERTIES

The mechanical and physical properties of structural materials will be

the guaranteed minimum values as given in the following documents:

1. MIL-HDBK-5, November 1964 revision (Reference 2)

2. MIL-HDBK-17, June 1965 revision (Reference 3)

. S&ID Structures Manual, SID 543-G-11, revised December 15, 1965

(Reference 4)

SPACECRAFT DESIGN REQUIREMENTS

The spacecraft, when modified to incorporate the MISDAS system, will

be capable of withstanding boost, abort, space environment, and atmospheric

entry loads and water impact loads for a vertical velocity of 15 fps at touch-

down. These loads are specified in Apollo Requirements Manual ARM-6

(Reference 5). The factors of safety of 1.50 for atmospheric entry and

1.00 for water impact, specified in ARM-6 are applicable to this study.

-8-
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EVALUATION OF SIX-SEGMENT HEAT SHIELD CONCEPT

DESIGN CHARACTERIST ICS

Structural System Description (Figures 4 and 5)

The attenuation system consists of six landing legs, each an identical

segment of the command module base, stowed symmetrically within the

base. Before impact, these legs are extended downward from inboard

hinges by a single hydraulic strut on each leg which also provides dissipation

of the impact energy. The landing legs or segments are recessed within the

constant heat shield thickness (2 inches) leaving the same unoccupied gap

between the heat shield and the spacecraft inner structure as in the current

vehicle. The outside face of the landing legs conforms in contour to the base

of the spacecraft, presenting an even spherical surface overall to which the

aft ablator sections are bonded. Gaps in the heat shield are assumed filled

with silicone gasket seals which are bonded to the nonmoving structure. The

seals possess sides sloped from the motion of extension to minimize the

friction of scrubbing as the landing legs extend. Geometric arrangement

of the impact attenuation system was nominally sized for a touchdown

clearance of 15 inches for the heat shield.

Landing Leg Segments

The extendable legs are sized to be located within recesses in the

lower face of the spacecraft heat shield. Their shape conforms to that of

the vehicle lower convex surface and the peripheral rim of the command

module. The peripheral rim, duplicated on the leg segments, forms a

natural skid along the translation vector of landing.

Each landing leg is retained in its stowage recess by an explosive

tension bolt on each side which must be released prior to landing system

extension. The landing leg design embodies bending material directly

connecting the points of load concentration (i.e., the footprint, the attenua-

tion strut rod, and the hinge points on the body). Depth of the bending

material at any point remains a constant at 1.44 inches for stowage com-

patibility in the heat shield.

Attenuation System

Dissipation of impact energy in the attenuation system is by the

ejection of oil from a hydraulic strut on each of the six landing leg segments

.
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as they compress in landing. The actual oil displaced in attenuation is that

which was previously introduced to the struts to extend the legs in prepara-

tion for landing.

The struts operate in a duty length from 20.50 inches retracted to

45. 38 inches extended, and derive their 24. 88-inch operational range from

two coaxial rods and pistons. Each strut is provided with a bleed line

located above the pistons that may be pinched off and welded at the con-

clusion of fill and bleed of the system. Hydraulic oil is filled throughout the

system, but only above the pistons and in the retracted configuration.

Cavities in the cylinder below the pistons contain no oil, and are, therefore,

vented externally to permit cylinder cavity evacuation as the struts are

extended. The unsealed end of the strut is equipped with a brazed bellows

closure that safeguards against inadvertent oil leakage past the piston seals.

The bellows should deflect sufficiently to permit limited stroking of the

struts in system checkout, be of sufficient strength to resist an internal

atmosphere in the vacuum environment, and be readily fractured by the

force of rod extension.

The cylindrical body of each strut is provided with a conical bellows

brazed to it and to the heat shield over the recess through which the rods

operate. When installed, the bellows form sealed closures at each clearance

hole to prevent flow of the hot gas from the landing retromotors to the inner

structure of the spacecraft.

Ablative Heat Shield

The aft heat shield ablative material and thickness distribution can be

the same as for the basic AES vehicle. Gaps in the heat shield ablator made

necessary by the extendable landing legs are filled with gasket material

conforming to the currently recommended silicone synthetic compounded

to the Apollo specification (Reference 6). Portions of the ablator over the

legs are bonded to them in precise shapes that present laying edges geo-

metrically shaped to match the extending motion with minimum bind and

interference. To achieve this, each gap in the ablator possesses a wall

normal to the surface on the fixed side, and a sloped wall on the movable

side so the legs can be withdrawn from the stowed position at an angle open

to the motion, thus, minimizing scrubbing.

The inboard center portion of the landing leg segments, a length of

about 22 inches, has a face which is a surface of revolution about the leg

-15-
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hinge center line, except for a slight draft to aid the leg motion. The nomi-

nal radius of the surface is 4. 5 inches, which is considered a reasonable

minimum to avoid a feather edge on the external surface of the ablator panel

on the leg. The requirement to rotate the inboard side of the landing legs

4.5 inches from the hinge center line leaves narrow arms of 4.5 inches on

each side as supports from the two hinges. The hinge arms have been

provided with ablator plugs sloped to jettison from the vehicle as the force

of the landing leg extension fractures their attachment. These details are

shown in Section C of Figure 5.

System Operation

Deployment of the landing impact system starts with a landing signal

emitted by an altitude sensing system. This signal is followed by actuation

of the explosive bolts which retain the legs and introduction of pressure into

the struts by a two-way valve. The resultant force in the struts opens the

landing legs from the fixed heat shield and extends them to the landing

position. Landing energy is spent by ejection of the pressurized oil from

the compressed struts. Landing loads are transmitted to the command

module inner structure through strut attachments on the side wall and

through the leg hinges that connect to the fixed portion of the heat shield.

Spacecraft Compatibility

The command module inner structure will require modifications to

accommodate the landing impact system attachments. The specific require-

ments for relocation of equipment to install and operate the landing impact

system are discussed on page 19 under Packaging Considerations. The

design of the aft heat shield was modified to incorporate the legged segments

within the contours of the AES command module. Technical problems

derived from manufacturing and operation of this heat shield have been

studied and feasible solutions are presented in Figure 6.

MISDAS/AES/RETROROCKET INTEGRATION

For the MISDAS/AES application study, a design concept using four

modified Gemini retromotors, selected by NASA for AES, is utilized for

vertical descent retardation.

-16-
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The basic motor configuration was used as designed and structurally

mounted for the AES spacecraft although the nozzle was changed. The config-

uration of the ejectable plug in the heat shield used to provide an opening

for retromotor exhaust gas was developed for AES.

In no case does the relocation of equipment introduce any significant

thermal problem. Effects on the spacecraft center of gravity and inertia

are included in the analysis summarized in Table 8. The effect on stability

in flight and landing conditions was neglibile.

Packaging Considerations

The concept shown in Figure 7 illustrates a gross packaging arrange-

ment for the four retromotors, the subsystem components, and six deploy-

able heat shield segments. The structural and mechanical details of the

segmented heat shield concept are shown in Figure 4. The six segments

are symmetrically located in the heat shield with the axis of the pattern

positioned 14 degrees off the command module +Zc axis. The retromotors

are unsymmetrically positioned 30 and 40 degrees either side of the

command module -Zc axis.

Installation of the landing leg extension and damping cylinder and

the four retromotors in the command module aft compartment equipment

bay will require the following revisions in the location of the subsystem

components and the aft compartment frames:

I. The reaction control system motor switches located between

Frames 1 and 2 will require repositioning in the same area

due to installation of the landing leg extension and damping

c_rlinder.

Frames 4 and 7 will require redesign to provide for installa-

tion of the retromotors at these locations. The Block II side

wall attach fittings will be redesigned to provide support for

the retromotors and attach provisions for the new frames.

. Frame 5 will require redesign to accommodate installation of

the landing leg extension and damping cylinder.

. The arrangement of the fuel control panel between Frames 9

and l0 will require modification in the same area due to

installation of the landing leg extension and damping cylinder.

- 19-
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,

,

.

The drinking water tank and plumbing located between Frames 13

and 14 will require relocating between Frames Z2 and 23 to pro-

vide space for the landing leg extension and damping cylinder.

New support structure for both the water tank and cylinder will

be required,

The retromotors located between Frames 16 and 17 and between

Frames Z1 and 2Z will require design of supports compatible

with the present aft compartment structure.

The landing leg extension and dampening cylinders between

Frames 17 and 18 andbetween Frames Z1 and ZZwill require

design of support structure, The RCS control panel between

Frames Z1 and 22 will require modification to accommodate

the landing leg and damping cylinder and its support structure

which is added to this area.

Retromotor Installation

The retromotor support structure requires redesign of the Block II

sidewall attach fitting at Frames 4 and 7 to provide for the retromotor

support brackets (Figure 7) and for attachment of the new frame parts.

The new sidewall attach fitting is used to support the retromotors between

Frames 16 and 17 and between Frames 20 and Z1, thus, making all four

installations identical. The retromotor is installed through a door in the

side of the conical heat shield structure. The forward end is entered through

a hole in the upper support bracket, which would be already attached to the

side wall fitting, and bolted through the support bracket to a flange on the

retromotor.

The lower support bracket is attached to the retromotor in advance of

installation, It is then placed between outstanding flanges of the sidewall

attach fitting, which provides bolt holes to be used for securing theretromotor.

The retromotor nozzle penetrates approximately three-fourths of the way

through the aft heat shield to the point where the ejectable plug is secured.

The opening continues through the outer ablative cover which incorporates

an ejectable ablative plug. The plugs are ejected by two cartridge-activated

thrusters located on each side of the retromotors. The thrusters are

installed in a support which is secured to the aft heat shield structure as

shown in Figure 7. Ablast seal is installed around the lower end of the

retromotor case and secured to the aft heat shield structure, preventing

retro exhaust from entering the aft compartment.

-Z3 -
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STRUCTURAL ANALYSIS

To verify the technical feasibility of the six-segment heat shield

concepts installation in AES, stress and deflection analyses were performed.

These analyses included studies of the principal components of the impact

attenuation system, the AES aft heat shield, and affected portions of the

command module inner structure. The analyses were conducted to the depth

required to determine critical design conditions, select materials, calculate

required member sizes, provide a basis for weights analysis, and ensure

that the command module inner structure is not damaged. The analyses are

based on Figures 4, 5, and 6 and the design criteria presented in the

Guidelines, Constraints, and Design Criteria section. Load paths are shown

in Figure 8, and the results are summarized in Table i. The stress analysis

is presented as Appendix A of this report. The materials considered and

their structural properties are discussed in Appendix C. The principal

aspects of the structural study are discussed in the following paragraphs.

Critical Conditions

The critical design conditions are ground impact, water impact, Z0-g

entry, and boost abort. The land impact condition is critical for design of

the shock strut, the shock strut attachment fitting, the inner structure, aft

sidewall skins, the deployable legs, and the box section ring in the aft heat

shield. The water impact condition designs the aft heat shield honeycomb

panel skins within a radius of 58 inches. The Z0-g entry condition is critical

for design of the toroidal section of the heat shield. Boost abort loads

de sign the heat shield- structure attachment.

Assumptions

The structural design criteria given in the Guidelines, Constraints,

and Design Criteria section are consistent with the Apollo Requirements

Manual, ARM-6 Specifications (Reference 5), with the following exceptions.

The water impact condition was limited to a vertical velocity of 15 feet per

second for a touchdown weight of i0, 600 pounds. The ground impact condi-

tion was based on a shock strut load derived from the dynamic analysis.

The following safety factors were used in the analysis:

i. Ground impact

Deployable legs

All other structure

1.00

1.33

Z. Water impact

All structure i. 00

3. 20-g entry

All structure I. 50
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The 1.33 factor for the structure was specified in Paragraph IV-A-11

of Exhibit A of Contract NAS9-4915. The factor of I. 00 is used for the

components that impact the ground or water because these items are expected

to yield on impact. The aft heat shield and deployable legs were analyzed

for a temperature of 600 F and the inner structure for a temperature of

200 F. The value of 600 F is conservative in that it represents the maximum

temperature which the heat shield-ablator interface will reach.

Aft Heat Shield Substructure

The aft heat shield substructure has been modified to accommodate

the six deployable segments within the contour, with changes resulting in

the available load paths. All loads are applied to the heat shield, either as

distributed loads or loads concentrated at selected points. These loads

are then reacted by the aft bulkhead ring of the inner structure. The primary

load path assumed is through that portion of the aft heat shield substructure

that has retained a full 2-inch depth. A secondary load path is available

through that area of the structure that has been reduced to 0.50-inch thick

honeycomb panels. Conservatively, and for simplicity of analysis, these

0.50-inch panels have been assumed to carry no primary loads; however,

their presence is essential to the heat shield structure to minimize differ-

ential deflection between the segments during atmospheric entry and to

provide a water-tight compartment for water impact. A box section ring

86 inches in diameter has been welded into the structure to pick up the

deployable leg hinges. Within this ring, loads are reacted by tangential

forces; outboard of the ring, the Z-inch-deep segments carry the loads

in bending to the inner structure aft bulkhead ring. The loss of hoop con-

tinuity in the toroidal portion of the aft heat shield has been compensated

for by an increase in the depth of the corrugated sheet.

Deployable Legs

The land impact loads on the deployed legs are applied to the outer

skin and reacted by a shock strut and two hinges per leg. To achieve the

required bending and torsional stiffness in the limited depth available,

the legs have been designed as box sections of riveted construction.

Stiffeners have been added to the outer skin of the legs to provide panel

stiffness equivalent to the fixed portion of the heat shield.

Command Module Inner Structure

The aft heat shield is bolted to the inner structure at the aft bulkhead

ring with 36 bolts. To react the tensile loads present in the boost abort

condition, 7/16-inch bolts are required. The forward end of the shock strut

is attached to a fitting which introduces the loads to the inner structure aft

sidewall. This fitting is bolted to the girth ring, and the aft bulkhead ring,

-27-
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and is bonded to the aft sidewall skin. The radial component of the shock

strut load is carried in bending by the fitting and is reacted by the rings.

The vertical component is carried by the bond between the fitting and the

sidewall. The resulting shear in the aft sidewall skins requires a face

sheet thickness of 0. 020 inch.

Results

The design concept shown in Figure 4 can satisfy the structural design

criteria. The member sizes derived from this study were used to calculate

the system weights shown under Mass Properties discussion for the six-

segment concept. Preliminary deflection analyses indicate that the command

module inner structure will not be damaged for the design landing conditions.

Table l shows the critical condition, stress, and margin of safety for each

major component. The stress calculations are presented in Appendix A of

this report.

STABILITY ANALYSIS

Stability analyses have been performed either to establish the fact

that the spacecraft does not turn over during landing, or to determine the

range of vehicle velocities, vehicle attitudes, shock strut characteristics,

and ground conditions under which stable landings can be achieved. To

perform these analyses, a computer program was developed to calculate

and record the motion of the spacecraft about three axes as a function of

time after ground contact. The stability program is described in detail

in Reference 7. Results of the stability analysis are summarized below.

The program is based on assumptions of massless legs, rigid space-

craft hull, rigid ground plane, and shock strut load-stroke characteristics

that can be represented by a series of straight lines.

Program inputs include:

i. Spacecraft geometry

a. Center of gravity coordinates

b. Weight

c. Mass properties

d. Number of struts - end coordinates

e. Load - stroke characteristics

4
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2. Landing velocities V V

3. Hang angles

4. Roll

and V H

5. Parachute swing angle and direction of swing

6. Ground slope and direction of slope

Program outputs include:

I. Roll, pitch, and yaw versus time

2. Displacement, velocity, and acceleration versus time

3. Strut stroke versus time (each strut)

4. Maximum total center of gravity acceleration

5. Maximum tipping angle

Angle Conventions

To define roll, pitch, and yaw, the vehicle is first rolled about its

vertical axis, then pitched about its y axis, then yawed about the z axis on

the capsule. The roll angle is always measured as the counterclockwise

angle from the horizontal velocity to the vertical plane containing the capsule

z axis. The net pitch angle is measured as the upward angle from the hori-

zontal plane to the capsule z axis. Axis convention is identified in Figure 9.

The ground slope is defined by a maximum slope and a direction of

upslope. The direction ofupslope is measured in a counterclockwise angle

(right-hand rule) from the horizontal velocity. Positive slope is upslope.

The vehicle attitude may be defined by a parachute swing angle and its

direction of swing. The direction of swing is defined as the angle between

the vertical plane containing the capsule z axis and the vertical plane con-

taining the parachute riser lines. Positive swing and zero direction of swing

are the same as positive pitch angle

Horizontal and vertical velocity always form tl_e basic reference plane.

- 29 -
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Figure 9. MISDAS/AES Land Landing Attitude, Six-Legged System

Legged Vehicle Data

The specific vehicle used in the stability analysis had the following

properties, derived from AES weight data (Reference 8);including estimates

of the effects of incorporating the MISDAS installation.

Weight = 10,600 ib

Ixx = 5, 204 slug ftZ

lyy = 3,941 slug ft2

Izz = 3,662 slug ft2

No. of legs = 6

The geometry of the vehicle in capsule initial system coordinates

(x = y = z = 0 at center of heat shield), as obtained from Figure 4 is:

Item

Center of gravity (in.)

Movable strut tips (in.)

Leg 1

Leg 2

x

36.9

Y

I. 79 6.25

60.05

0.0

- 30-
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Item

Leg 3

Leg 4

Leg 5

Leg 6

Fixed strut tips (in.)

x

-15.0

-15.0

-15.0

-15.0

Y

-34.67

-34.67

69.34

34.67

Leg 1

Leg 2

Leg 3

Leg 4

Leg 5

Leg 6

40.0

40.0

40.0

40.0

40.0

40.0

-34.67

-69.34

-34.67

34.67

69.34

34.67

z

-6O. O5

-6O. O5

0.0

60.05

60.05

0.0

-6O. 05

-60.05

0.0

60.05

Strut Load-Stroke Characteristics

Strut load-stroke properties were the same for each of the six legs.

Each leg strokes (in capsule initial coordinates) from the initial location of

the movable strut tip toward the fixed strut tip. The path of motion is a

straight line. Load-stroke properties for each strut are as shown in

Figure 10. This load-stroke curve is for a mathematical representation of a

strut in direct contact with the ground. The stress analysis was based on

strut loads of 31300 pounds, based on the actual location of the strut.

The strut maximum displacement, limited by the capsule geometry,

was used as the basis to derive the strut load-stroke characteristics. The

properties shown in Figure i0 are those of a strut that will save the inner

structure from damage without exceeding the crew onset rate and maximum

acceleration capabilities. The load-stroke characteristics of the strut can

be varied slightly without either exceeding the crew tolerances or making

the spacecraft unstable.

All shock absorber manufacturers consulted agreed on the feasibility

of the concept used in the study. Appendix B presents an initial evaluation

of the shock strut from the Cleveland Pneumatic Tool Company, indicating

only normal engineering development is required to produce a strut with the

desired characteristics.
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The actual vehicle strut acts between a hinged shoe and the vehicle.

Due to the geometry of the hinge arrangement, as shown in Figure 4, the

actual vehicle strut will be stiffer and will have a shorter ramp than for the

mathematical model strut used in the stability analysis.

Grew Compartment Acceleration

The strut loads used on the legged vehicle result in total accelerations

on the crew compartment, which are less than maximum allowable Apollo

values, as given in Reference 5. The crew compartment will experience a

14.2-g acceleration normal to the ground plane and an onset rate of 28.4 g/

sec for a landing with 80-fps horizontal velocity toward a 5-degree upslope,

15-fps vertical velocity, and angular attitude such that 61egs contact

simultaneously. For a 0.35 coefficient of friction, the total acceleration

will be 15.0 g. This landing has resulted in the most severe accelerations.

It represents the condition of maximum normal velocity (22 fps) with all

struts stroking simultaneously.

_q

2
8
5

<

o

0.5 FEET

25,000 POUNDS

STROKE (FEET)

Figure i0. Load-Stroke Curve for Legged Vehicle With Six Vertical Struts

Stability of Legged Vehicle

The six-leg vehicle was found to be stable within the landing criteria

presented under Guidelines, Constraints, and Design Criteria. For a

vertical velocity less than or equal to 15 fps and coefficient of friction equal

- 3Z -
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to 0.35, the vehicle showed stability for the specified combinations of

the random variables of slope, slope direction, roll, chute swing angle,

and chute swing direction. The worst landing condition was for horizontal

velocity toward a 5-degree downslope, roll = 0, direction of swing = 0,

swing angle = +12 degrees. Even under these conditions the capsule only

slightly exceeded the initial 17-degree angle which the capsule x axis made

with a ground normal (Tables2 and 3).

A quantity called maximum tipping angle is tabulated in the summary

sheets (Tables 2 and 3). This angle is the maximum value in degrees that

the capsule x-axis forms with a ground normal during a landing. Only one

landing at 15 fps vertical velocity had a maximum tipping angle greater than

the initial impact angle.

A few runs made at 20 fps vertical velocity resulted in somewhat

greater maximum tipping angles. The worst landings of these runs are at

approximately zero roll angle, with horizontal velocity toward downslope,

and capsule attitude such that a 17-degree angle is formed by the ground

plane and the capsule y-z plane.

The stability summary sheets (Tables Z and 3) also tabulate the

maximum stroking executed by a single strut during families of landings.

The most severe landings with regard to strut stroking were made upslope

at 80-fps horizontal velocity (Table 3). Upslope landings caused maximum

strut stroking, but had the net effect of stabilizing the spacecraft.

No unstable landings were encountered within the landing criteria;

therefore, it is difficult to present a stability envelope graphically. However,

Figure ll shows the maximum tipping angles mapped as a function of vertical

velocity and roll angle. The low values of these angles indicate goodstability.

MASS PROPERTIES

To conform with the AES engineering weight data, the Apollo Block II

weight data given in Reference 9 was utilized as a base point to determine

the weight penalty for adding a mechanical impact landing system. The

weight penalty of the mechanical landing system is the Weight of the landing

gear system and the effect of all modification required on the aft heat shield

structure and on the inner structure.

The spacecraft includes the retrorocket system with associated systems

as developed from the AES Land Landing Study (LLS} to obtain a vertical

descent velocity of 15 feet per second. Minor modifications, reflected in

the weight breakdown, made the LLS design data compatible with the MISDAS

installation.
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To establish a realistic volumetric comparison, only the volume

penalty in the aft equipment bay was assessed. In this study the volume

penalty is considered the total volume displaced by the components including

the space provided for the movement of the struts and rocket motors.

Table 4 presents the detail weight breakdown of the six-segmented

heat shield landing concept, including the retrorocket system and its asso-

ciated systems necessary to obtain a desired impact velocity. Weight

analysis of the segmented heat shield landing gear system shown in Figures 4,

5, and 7 is based on detail structural analysis presented in Appendix A of

this report, with allowance for items not shown in the figures and estimates

for subsystems based on the AES spacecraft data.

The landing gear system consisting of a leg assembly, leg support

frame, shock strut assembly, hydraulic and pneumatic system, and a leg

release mechanism was calculated to weigh 734 pounds. This amounts to

6. 92 percent of the design landing weight. The weight penalty of the mech-

anical landing system is the net weight penalty of the landing gear system

weight with the weight change of the aft heat shield structure and the inner

structure. This net weight penalty amounts to 556 pounds (5. Z5 percent).

The MISDAS heat shield weight reduction over the weight of the AES heat

shield in obtained by consideration of reduced water impact velocities, and is

based on the calculated weight of the AES and MISDAS heat shields.

MANUFACT URING CONSIDERATIONS

This section presents a manufacturing plan for the six-legged landing

system shown in Figures 4, 5, and 6. Although the overall landing system

configuration shown in the drawings has been retained, a limited number of

structural details have been modified to enhance the producibility of the

installation. These changes have been incorporated in the structural analy-

sis. The pictorial manufacturing plan shown in Figure 12 illustrates a

sequence of assembly to produce the finished landing system hardware

utilizing current state-of-the-art techniques and many of the existing Apollo

tools.

Aft Heat Shield Fabrication

Although the aft heat shield from which the six landing legs deploy is

similar in appearance to the present Apollo aft heat shield, all details of

this assembly should be considered new. The new assembly will still bolt

to the bottom of the inner crew compartment and provide a seal with the

inner crew compartment heat shield at the mold line surface.
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Table 2.
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Six Leg Vehicle Stability Summary, V H = 30 fps

Friction

0.35
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O. 35

O. 35

ii
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12

J_

,f
-30

d_

12

12

r

12

Direct
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0

1

r

-30

0

,i

i
i
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-30

0

0

'r
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i

-30

0

1
0
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1
-30

Stability

E_

E "
(D

N £
m

t_

E_
X

E

- 0
ca _,

.<

Legs

Touchdown

Initial

h

2

2

1

b

1

2

V
2

1

1

2

I
2

I

2

Notes

O

E

X

E

¢O
o

E

(:5

¢)

O

O

Maximum

T ipp ing

Angle

17

17

17

17

17

17. 1

17

17

17

17

23. 1

18.0

17

17

17

25.9

19.5

17

17

17

17

17.0

16.7

15.9

14. 6

13.0

17.0

16.7

15.9

14. 6

13.0

15.9

16.7

17.0

17.0

16.7

15.9

15.9

16.7

17.0

16.7

15.9
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MAXIMLIM

TIPPING

AN(

ROLL = 45 DEG

I DIRECTION OFHORIZONTAL VELOCITY

ROLL = 0 DEG

V v = 30 FPS

25

V v = 20 FPS 20 DEG

17 DE(

V V = 10 FPS

315 DEG

ROLL = 90 DEG
270 DEG

135 DEG

180 DEG

225 DEG

c

MAXIMUM TIPPING ANGLES MAPPED AS A FUNCTION OF

VERTICAL VELOCITY (FPS) AND ROLL ANGLE (DEGREE)

THE CAPSULE Y-Z PLANE IS AT A CONSTANT 17-DEGREE

ANGLE WITH GROUND PLANE. (12 DEGREES PARACHUTE

SWING ANGLE PLUS -5 DEGREES GROUND SLOPE COMBINED

FOR MAXIMUM ANGLE WITH GROUND.) DIRECTION OF
SLOPE HAS BEEN COORDINATED WITH ROLL TO PROVIDE ONE

AND TWO LEG INITIAL CONTACT. V H = 30 FPS.
FRICTION COEFFICIENT = 0.35.

Figure 11. Stability Limits for Six-Leg Vehicle
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Weight of Segmented Heat Shield Concept

Item

Aft Heat Shield Structure

Honeycomb panel*
Core

Face sheets

Braze

Frames and rings_

Ring - outer rim

Body to heat shield attachment

Fitting and attachment

Closeouts _'_

Toroidal assembly *m*

Corrugation
Skin

Splice and attach
Rim

Inner Structure - Aft Section

Honeycomb panels

Landing Gear System

Leg assembly
Skin

Stiffeners

Edge members

Hinge fittings

Strut attach fittings
Hardware

Apollo

Block II (Sept. 65)

(763.3)

(559.6)
202.9

305.6

51.1

55.1

55.9

33.0

7.1

(52.6)
16.6

17,7

18.3

Weight (lb)

AES Addendum

(579.3)

(376. o)
16o. o

165. o

51. o

37.0

33.0

21.0

(112.3)
28.0

18.0

22.3

44.0

128.0122.0

(734. 0)

(427. O)
160.0

150.0

76.0

20.0

18.0

3.0

Weight Change

(-184. O)

(-183.6)
- 42.9

-140.6

o 0.i

- 55.1

- 18.9

0.0

13.9

(59.7)
11.4

0.3

4,0

44.0

6.0

( 734. o)

427.0

*Honeycomb panel --reduced core density and face sheet thickness to conform to decrease in landing load

**Frames and rings -outer rim ring segmented and reallocated under toroidal assembly and leg assembly

*WCloseouts- edge members provided around deployable legs

**mToroidal assembly -modified toroidal assembly to accommodate leg assembly and included part of the

outer rim ring

- 39 -
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Weight of Segmented Heat Shield Concept (Cont)

p

Item

Frame - leg support

Shock strut assembly

Struts (6)

Attach fittings - sidewall
Conical bellows

Hardware

Hydraulic and pneumatic system

Hydraulic accumulator
Motor valve

Valves

Dampening orifices

Plumbing
Electrical provision

Support and attaching parts

Hydraulic fluid
Gas (helium)

Leg release mechanism

Subtotal

Apollo

Block II (Sept. 65)

Weight (lb)

AES Addendum

(126. o)

(122.0)
90.0

25.0

3.0

3.0

52.0

12.5

2.0

0.5

1.0

%0

2.5

1.5

24.0

1.0

7.0

Total Mechanical Landing System Penalty
(Usable volume displaced - ft 3)

885.3 1441.3

Weight Change

126.0

122.0

52.0

7.0

556.0

556.0

(2.8)

As shown in Figure 12, the center section of the aft heat shield has

been divided into six segments, rather than one full honeycomb panel braze

assembly with unpredictable laying surface braze joints. From past experi-

ence, reliability of laying surface braze joints in brazed sandwich panels has

- 40 -
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been questionable. On the other hand, the reduction of faying surface braze

joints results in smaller panel sizes, imposing additional fusion weld require-

ments. Although the more reliable panel configuration is recommended,

fabrication development of the one-piece center section braze assembly,

including the landing leg stiffening ring member, is feasible.

As proposed in Figure 12, each of the six pie-shaped center section

segments consists of one honeycomb panel braze assembly and one stiffening

ring weldment. All assemblies are compound contoured. Two formed chem-

milled face sheets and one 2-inch thick honeycomb core comprise the braze

assembly. The panel will be fabricated with extra material around the

periphery for subsequent trimming operations. Each weld assembly con-

sists of one modified "I" beam main ring member, two hinge support

members, and one rolled closure which forms the outer side of the box

section between the two hinge supports. All details will be heat-treated

before welding into an assembly. The ring section will be machined in the

heat-treated condition. Additional material will be provided on the weld-

ments for subsequent trimming operations.

To complete the pie-shaped center section segment assembly, the

honeycomb panels must first be prepared for welding to the ring member

weldments. This is accomplished by the removal of a small portion of the

core and the brazing alloy deposit from both face sheets in the area to be

welded. The honeycomb panel and weldment must then be match trimmed

before subsequent tacking and simultaneous butt fusion welding of the upper

and lower surfaces. Progressively, three of these panels can be welded

together to form each half of the heat shield center section assembly. Sub-

sequent welding of two center section halves and welding of closures to the

ring member between the hinge supports at each of the six weld joints will

complete the inner heat shield assembly.

The brazed honeycomb panels, located outboard of the center section

and inboard of the corrugated heat shield structure would be the next panels

to be welded to the center section assembly. Three different panel configu-

rations must be used. A 1.5-inch thick honeycomb panel is located in the

area of the six landing leg wells and between the hinges. A 1/2-inch thick

panel is located outboard of this panel. These two panels, when welded in

place, form the landing leg well cavity. The third panel configuration is

2 inches thick and occupies the area between the landing leg wells. All

panel edge members will be welded to the braze assemblies after the braze

operation. Panel preparation and edge member installation at the outboard

panel edges will be deferred until all welding on the heat shield has been

completed.

43-
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The sequence in which these outboard panels are welded to the center

section main box structure, and to one another, is very critical. The assem-

bly must be analyzed to determine a logical order to minimize weld shrinkage

problems. It may be necessary to simulate the landing leg assembly with

tooling to ensure proper location for each honeycomb panel. As shown in

Figure 12 the two panels in the landing leg well area are welded together

first to eliminate areas of weld shrink entrapment. Progressively, and in

proper sequence, each honeycomb panel must be trimmed and welded into

place.

Subsequent fabrication operations outboard of the honeycomb panel

welded heat shield structure can follow procedures similar to those estab-

lished for the Apollo aft heat shield assembly. The outboard panel edges

will be trimmed and de-cored, and closeouts riveted in place. Corrugated

panel subassemblies will be riveted to the panel closeouts, and the termin-

ating seal ring member will be installed by riveting to the upper edge of the

corrugated panels. All of these rivet operations, and the subsequent drilling

of attach holes through the heat shield assembly, can be accomplished with

existing Apollo tools.

Landing Leg Segment Fabrication

Because installation of the landing leg assemblies onto the aft heat

shield will be the next operation performed, fabrication of the landing leg

assemblies will be briefly discussed at this time. The assemblies shown

in Figure 4 are designed as riveted, stiffened skin structures of PH 14-8 Mo

corrosion resistant steel or equivalent. One "Y" shaped inner channel

stiffener, one inboard and two side channel edge members, one outboard

seal member, two hinge fittings, one strut attach fitting, one mold line

skin, and eight angle stiffeners comprise the details required to fabricate

each landing leg assembly. The most rigid and difficult member to form

will be the "Y" shaped inner channel stiffener. To facilitate forming on

drop hammer dies, this detail has been designed in two pieces with one

weld toward the outboard end.

Progressive dies will be used to arrive at the final configuration. All

forming and welding will be accomplished with material in the annealed

condition, with subsequent heat treatment, straightening, and heat aging.

Each landing leg assembly can be fabricated in two stages as illustrated

in Figure 12. Both of the hinge fittings and the one strut attach fitting will

first be riveted to the "Y" channel utilizing an assembly fixture to hold each

fitting in the proper location. Riveting of the outer mold line skin, panel

edge members, and angle stiffeners to the initial internal assembly structure

will complete the landing leg assembly.

- 44 -
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Landing Leg System Installation

With the heat shield assembly in an inverted position, each landing leg

assembly will be custom fitted to one of the landing leg wells. The two

outboard explosive retainers for each landing leg assembly can also be

temporarily installed, or simulated at this time, in order that mold line

smoothness can be observed. Bolting of the landing legs in stowed position

will be required for the next operations.

Fit check will still include bolting to the inner crew compartment and

checking the interface of all mating components. Assuming the actuator

brackets have previously been installed on the inner crew compartment,

installation of the hydraulic cylinders will make it possible to check stroke

clearance during deployment fit check of the landing leg assemblies. All

structural work on the aft heat shield will be completed during this fit check

operation. Upon completion of fit check, the aft heat shield, with landing

legs again bolted in stowed position, will be removed from the inner crew

compartment assembly in preparation for the installation of the ablator.

Ablator Installation

Ablator installation procedures will be basically similar to those now

used on the existing Apollo aft heat shield. Honeycomb core will be bonded

to the basic heat shield structures, followed by injection of the ablator into

the core, and final grinding to the mold line configuration. Ablative applica-

tion procedures similar to those used for Apollo heat shield access panels are

employed where "no-bond" members must be installed around the periphery

of each landing leg assembly to allow proper deployment. In addition, abla-

tive failure plugs, also surrounded with "no-bond" members, are required in

the area of the landing leg hinge arms. These plugs will be removable for

checkout of the entire landing system upon completion of the ablator installa-

tion. Although some development work is anticipated for these areas

containing ablative separation requirements, AVCO, fabricator of the Apollo

ablative heat shield, considers the concept feasible.

Installation on Crew Compartment Structure

Final installation of the aft heat shield on the inner crew compartment

should require no additional structural effort, because of the initial fit-

check operation. After being bolted to the inner crew compartment, the

attenuation struts and lines can be connected for a landing system checkout.

This will be done with the ablative failure plugs removed from beneath each

of the landing leg hinge arms. After the deployment checkout, the landing

legs will be secured in stowed position with the explosive retainer nuts and

failure plugs replaced. The last operation will be the final attachment of the

bellows between the attenuator struts and landing leg assemblies.

- 45 -
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EVALUATION OF RADIAL SKID CONCEPT

DESIGN CHARAC TERISTICS

The design of this system encompasses the use of a deployable aft heat

shield and a series of radially extendable landing skids to prevent rolling or

overturning of the command module. For the specified range of landing

attitudes given in the Guidelines, Constraints, and Design Criteria section,

the skids do not contact the ground at initial impact. They do make contact

when the spacecraft tends to tip over, and prevent its overturning. The

forces applied to the spacecraft at landing impact are attenuated by shock

absorbers located between the deployable heat shield and the inner body

structure. The horizontal forces are absorbed by friction of the heat shield

sliding over an unprepared landing surface.

Functionally, this system design is very similar to Concept 5260-2,

previously discussed in Reference i. Specifically, it differs in the number

of attenuators used for vertical forces, the deployed length of the radial

skids, and the incorporation of folding braces to resist the lateral loads due

to the friction on the heat shield.

A preliminary reevaluation of the original design had shown that a

significant weight reduction could be made in the impact attenuation and skid

structure while satisfying the established design criteria summarized in the

Guidelines, Constraints, and Design Criteria section.

Structural System Description (Fisures 13 and 14)

The structural hardware of this concept consists of a command module

heat shield modified to include 12 light-weight rectangular steel tubes within

individual rectangular housings. An inner and an outer support ring com-

plete the primary framing of the honeycomb heat shield. A series of tension

studs and separation nuts in the same location as the Apollo tension bolts

attach the heat shield to the inner body. Also attached to the heat shield are

six combination actuator/attenuator struts located in the vertical plane at

60-degree intervals. The aft end of each shock absorber is attached to the

heat shield outer support ring, while the forward rod end is connected to the

inner body support. This forward end incorporates a threaded adjustment

for final position length. Spherical bearings in both ends provide compensa-

tion for angular misalignment. Heat shield inner body lateral movement or
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horizontal rotation is resisted by six folding braces (torque scissors)between

the inner body supports and the outer support ring, located directly below

the six shock absorbers.

System Operation

Sequentially, the deployment of the landing impact system follows the

landing signal, with the release of the heat shield tension tie. An electrically

initiated set of squibs within the separation nuts activates a structural pyro-

fuse insert by high temperature which releases the tension stud. A pressure-

charged hydraulic accumulator is then activated to pressurize and extend the

shock absorber struts. The accumulator maintains pressure in the shock

struts, permitting them to absorb impact energy by flow of oil through the

damping orifices. In sequence or concurrent with the heat shield extension,

electrically initiated squibs activate the pyrotechnic thrusters in the skids

and propel them radially through the skid housings. The skids are stopped

and locked in their extended position with sufficient overlap provided for

socket action to resist the bending moment from th_ loads on the outer portion

of the skid during landing. Associated electronic and mechanical units com-

plete the systems and integrate the sequencing sections into a highly reliable

and efficient ground landing system. Components similar to those used for

airplane jettison systems and canopy and seat ejection could be developed for

the skid extension. Thus, the concept is considered technically feasible.

Spacecraft Compatibility

The command module inner body will require the modifications shown

in Figure 15 to accommodate the landing impact system. A number of sys-

tems and associated components within the aft heat shield compartment as

identified on page 54, will require relocation and refitting for space and

operating accommodations. The additional support structure will have to

be added and located on the outer walls of the inner body for structural

continuity. The tension ties between the command module and service module

do not require structural redesign. Minor modifications to equipment and

fittings in the reduced clearance space between the command module floor

structure and heat shield may be required. These changes are described

in the following section.

MISDAS /AIDS/RID TROROCKID T INTEGRATION

For purposes of these final configurational arrangements, the design

concept using four modified Gemini retromotors, selected by NASA for AIDS,

was utilized for vertical descent retardation. A new structural mounting

concept and motor nozzle configuration was used although the AIDS motor

case configuration was retained.

- 53 -
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In no case does the relocation of equipment introduce any significant

thermal problem. Effects on the spacecraft center of gravity and inertia

were included in the analysis summarized in Table 8. Effect on stability in

flight and landing conditions was negligible.

Packaging Considerations

This concept (Figure 15) illustrates a gross packaging arrangement of

the four retromotors, the subsystem components, the torque links, and skid

deployment cylinders in the aft equipment bay. The 12 radial skidassemblies

are positioned symmetrically in the aft heat shield with the plane of two skids

on the Zc-axis. The structural and mechanical details of the deployment

system for the radial skid deployable heat shield concept are shown in

Figure 13. The four retromotors are unsymmetrically located 28 and

40 degrees either side of the +Zc-axis and 22 degrees either side of the

- Zc-axis.

Installation of the four retromotors, shock struts, and torque links in

the aft compartment equipment bay of the command module will require the

following relocation of subsystems and aft compartment frames:

i , The uprighting system compressor and the helium tank between

Frames l and 2, and the RCS switches were repositioned between

Frames 19 and 20 to allow space for installation of the structural

and mechanical details of the skid deployment system between

Frames X and 3.

2. The oxidizer tanks, waste water tanks, and fuel tanks between

Frames 4 and ii must be repositioned between Frames 3 and 4

and between Frames 19 and Z0 to accommodate the installation of

the structural and mechanical details of the skid deployment

system between Frames 5 and 6 and between Frames i0 and Ii.

. The structural and mechanical details of the skid deployment

system located at Frames 15 and 22 require redesign and modifi-

cation of the roll P_CS engine support structure. The steam vent

requires repositioning to a location between Frames 17 and 18.

0 The pitch engines between Frames 18 and 19 must be repositioned

due to the structural and mechanical details of the skid deployment

system located in this area.

. The aft compartment Frames 5, 7, 17, and 20 must be redesigned

to accommodate installation of the retromotors located at these

positions.
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. The electrical umbilical may require rearrangement to be

compatible with the modifications previously noted.

Retromotor Installation

Initial studies of the problems associated with installation of the retro-

motors and a fully deployable heat shield indicated the following possible

arrangements :

• Retromotors structurally attached to the heat shield that move

with the heat shield upon deployment.

Retromotors structurally attached to the command module inner

structure sidewall in the aft equipment bay. An extendable motor

nozzle shroud would be required to serve as a conduit for the

motor exhaust from the fixed nozzle position to the exhaust port

in the deployed heat shield, 12 inches below the motor nozzle.

. Retromotors supported off the command module inner structure

sidewall. The motors would rotate outward through the space

provided by dropping the heat shield and fire downward from the

periphery of the base of the vehicle.

The primary disadvantages of the first approach is that the high thrust

level of the four motors (approximately 40,000 pounds total) would require

locking out the stroking capability of the shock struts during the retro-

thrusting phase, then unlocking to permit mechanical stroking and attenuation.

This operation would be extremely time-critical because of the short interval

between retromotor firing and ground touchdown. Reliability of the lock/

unlock system would be doubtful•

The design and operational problems associated with providing the

extendable nozzle in the second approach make this concept unfavorable.

The third approach was selected as the easiest from the standpoint of

design and development• This concept can achieve the highest reliability

since it avoids any requirement for heat shield exhaust ports and ejectable

plug s.

A retromotor support and guide bracket attached to the outer surface of

the inner structure forms the basic support for the retromotor. The retro-

motor is installed through a door provided in the outer wall of the aft
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compartment. At the forward end of the retromotor, a trunnion with rollers

provides the guidance of the motor to the deployed position. A link attached

to the lower corner of the inner structure and to the midstation of the motor

drives the motor to the outboard position. Two alternate methods of actuation

are shown. One method is by a hydraulic or spring bungee and the other is

by a cable attached to the head of the retromotor and to the deployable heat

shield. The cable fitting at the head of the retromotor is designed to allow

1 inch of free travel before the deployable heat shield extends the retromotor.

This is necessary because the stroke to position the motor is ii inches and

the heat shield deploys 12 inches. The retromotor in the deployed position

is located so that the motor exhaust will clear the deployed heat shield.

A lock at the extreme lower end of the guide grove in the main support

bracket is provided to secure the motor in its deployed position.

S TRU C TURAL ANALYSIS

The installation of the radial-skid MISDAS concept in AF.S was sub-

jected to structural and deflection analyses to check the feasibility of the

installation. The major components of the attenuation system and affected

parts of the AES heat shield and command module inner structure were

considered. Objectives of the analysis were to determine critical conditions,

select materials, calculate member sizes, provide a basis for mass property

analysis, and assure the integrity of the command module inner structure.

The analyses are based on Figures IZ and 13, using the design criteria

specified in the Guidelines, Constraints, and Design Criteria section. The

primary load paths are shown in Figure 16, and the principal results are

summarized in Table 5. The complete stress analysis is presented in

Appendix A of this report. The materials considered and their structural

properties are discussed in Appendix C. The major aspects of the structural

study are discussed in the following paragraphs.

Critical Conditions

The critical design conditions are ground impact, skid contact, water

impact and boost abort. The ground impact condition de signs the shock

struts and their attachment fittings to the inner structure. For the selected

geometry, the skids do not hit the ground at initial impact. Skid contact

occurs when the spacecraft rocks a sufficient distance for the deployed skid

to touch the ground. This condition is critical for design of the outer box

section ring at a 71-inch radius, the inner ring, the skid housing, and the

skids. The water impact condition is applicable to de sign of the honeycomb

core and face sheets of the aft heat shield substructure. The boost abort

load designs the attachment of the aft heat shield to the inner structure.
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As sumptions

The loads and criteria in the Guidelines, Constraints, and Design

Criteria section are consistent with ARM-6 (Reference 5) with the following

exceptions: The water impact condition was limited to a vertical velocity of

15 feet per second for a touchdown weight of I0,600 pounds. The ground

impact condition was based on a shock strut load derived from the dynamic

analysis. The skid contact condition was taken as a i. 0-g load at the end of

the skid, with two skids in contact with the ground and the load distributed

over 8 inches of the skid.

The limit to ultimate factors considered were:

I. Ground Impact

All Structure 1.33

2. Skid Contact

Skids i. 00

All Other Structure 1.33

3. Water Impact

All Structure i. 00

The aft heat shield and skids were analyzed for a temperature of 600 F, and

the inner structure for a temperature of ZO0 F. These values are the maxi-

mum temperatures used for the Apollo analysis. The value of 600 F is

conservative in that it is the maximum temperature expected at the ablator-

heat shield interface.

Aft Heat Shield Substructure

For this concept, the hoop continuity and overall stiffness of the Apollo

heat shield structure is retained; therefore, flight loading conditions up to

and including the 20-g entry condition require no analytical consideration.

With the heat shield deployed, all loads are reacted at the six-strut attach-

ment points. To distribute their shock strut concentrated loads, a box

section ring has been added to the structure above the inner face sheet at a

71-inch radius. The radial skid housings are designed to replace strength

and stiffness of the heat shield material removed to accommodate the skids.
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Extendable Skids

The iZ extendable skids are supported by 12 housings welded into the

aft heat shield substructure. These housings are positioned radially with

the inboard and outboard ends supported by load distribution rings. The

outboard ring picks up the six shock struts, which react the load on the

command module inner structure aft sidewall.

Command Module Inner Structure

When retracted, the aft heat shield is bolted to the inner structure at

the aft bulkhead ring with 24 explosive bolts. These bolts can easily carry

the tension loads that can occur at this interface. The lateral shear

is taken by 59 studs in the aft bulkhead ring. When the aft heat shield is

deployed, all vertical load on it is transmitted to the inner structure by the

shock struts. The forward end of each shock strut is attached to a fitting

which introduces the load to the inner structure aft sidewall. This fitting is

bolted to the girth ring and to the aft bulkhead ring, and is bonded to the aft

sidewall skin. The radial component of the shock strut load is carried in

bending by the fitting and is reacted at the two rings. The vertical com-

ponent is carried in shear in the aft sidewall skins, the load being introduced

by the adhesive bond. The preliminary stress analysis has shown that the

command module inner structure is compatible with the MISDAS installation.

Re sults

The radial-skid design concept as shown in Figure 13 can satisfy the

structural requirements. The member sizes calculated in this analysis were

used to obtain the system weights shown in the Mass Properties discussion

for the radial skid concept. Preliminary calculations of heat shield deflec-

tion have shown that the command module inner structure will not be hit or

damaged for the specified landing conditions. Table 5 shows the critical

condition, stress, and margin of safety for each major component. The

stress analysis is given in Appendix A of this report.

STABILITY ANALYSIS

The fact that the spacecraft can make stable landings under all con-

ditions listed in the guidelines, constraints, and design criteria section was

verified by the dynamic stability analysis. To perform this analysis, a

stability program was derived from an existing Apollo/crew couch two-body

program. The modified stability program considers the heat shield and the

command module as two complete bodies. The program geometry considers

the heat shield with extended skids and the struts connecting the two bodies.

The program calculates and plots the spacecraft position about three axes

as a function of time after ground contact. This program is described in

Reference 10. The results of the stability analysis are discussed in the

following paragraphs.
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The program is based on assumptions of rigid ground plane, rigid crew

compartment, deployed heat shield with plastic and elastic properties, and

shock struts with load-stroke characteristics that can be referenced by a

series of straight lines.

Program inputs include:

i. Center of gravity coordinates

Z. Strut end coordinates

3. Weight and mass properties

4. Strut and heat shield load-stroke characteristics

5. Landing velocities V V and VH

6. Roll, pitch, and yaw

7. Swing angle and direction of swing

8. Ground slope and direction of slope

Program outputs include:

I. Heat shield roll, pitch, and yaw versus time

2. Heat shield displacement, velocities, and

acceleration versus time

3. Strut stroke versus time (each strut)

4. Hull roll, pitch, and yaw relative to heat shield versus time

5. Hull displacement, velocities, and acceleration relative to

heat shield versus time.

Angle Conventions

To define roll, pitch, and yaw, the vehicle is first rolled about its

vertical axis, pitched about its y axis, then yawed about the z axis on the

capsule. The roll angle is always measured as the counterclockwise angle

from the horizontal velocity to the vertical plane containing the capsule z

axis. The net pitch angle is measured as the upward angle from the

horizontal plane to the capsule z axis (Figure 17).
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The ground slope is defined by a maximum slope and a direction of

upslope. The direction of upslope is measured in a counterclockwise angle

(right-hand rule) from the horizontal velocity. Positive slope is upslope.

Horizontal and vertical velocity always form the basic reference

plane.

J

-y

XX
VERTICAL

t

+Z

CENTER OF GRAVITY

X = 40 INCHES

Z = 4 iNCHES

Y = 0 INCHES

PITCH

-X i,+Y

Figure 17. MISDAS/AES Land Landing Attitude,

Heat Shield System

Deployable
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Skid System Vehicle Data

The weights, initial center of gravity location, and inertias of the two

bodies used in the skid system analysis are noted below. These data are

derived from AES mass properties modified to include the ik41SDASinstaUation.

Body

Capsule

Heat shield

Weight

(pounds)

8210

2780

Initial Center of

Gravity (inche s)

x

58.7

8.0

y z

-.I 8.7

0 0

Inertias

(slug ft2 )

x y z

3455

1710

2540

860

2280

86O

The actual vehicle has six vertical struts constraining the capsule to

the heat shield plus the lateral support devices. Since the computer program
E

is limited to eight struts, the vehicle analysis was based on four vertical

struts and four lateral struts. This is considered a reasonable

appr oximation.

The initial locations of the ends of the eight struts used were: (capsule

initial system)

Strut No.

Heat shield

Capsule

x 18.25

y 0
z 73.0

x 46.0

y 0
z 61.0

18.25

-73.0

0

46.0

-61.0

0

18.25

0

-73.0

46.0

0

-61.0

4

18.25

73.0

0

46.0

61.0

0

18.25

-73.0

0

18.25

0

73.0

6

18.25

73. 0

0

18.25

0

73.0

18.25

-73.0

0

18.25

0

-73.0

8

18.25

73.0

0

18.25

0

-73.0

Strut Load-Stroke Characteristics

The vertical struts used the force-stroke function given in Figure 18

for compression. To retain the heat shield to the capsule in other attitudes,

dummy coulomb friction forces were added to the vertical struts in tension

and to the lateral struts in both directions. The axial forces were

34,900 pounds for each of four struts and the lateral forces were

55, 000 pounds per strut. Thus, the actual configuration uses six struts

having 23, 300 pounds loads, rather than four struts of 34, 900 pounds load

as shown in Figure 17. The stress analyses were based on the 23,300 pound

actual strut load.
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2
v

r'_

.(

q

0.5 FEET

34,900 POUNDS

STROKE (FEET)

Figure 18. Load-Stroke Curve for the Skid System Vehicle

With Vertical Struts

Crew Compartment Accelerations

The strut loads used on the deployed heat shield concept result in total

accelerations on the crew compartment which are lower than maximum

allowable Apollo values. For a landing with 80 feet per second horizontal

velocity toward a 5-degree upslope, 15 feet per second vertical velocity,

and angular attitude so that the center of the heat shield makes initial ground

contact; the crew compartment will experience a 17.0-g acceleration normal

to the ground plane and an onset rate of 34.0 g per foot. For a friction

coefficient of 0.35, the total acceleration will be 18.0 g. The landing

previously described will result in the most severe accelerations on the crew

compartment. In this landing, a maximum normal velocity (22 feet per

second) is achieved with all x-x axis struts stroking simultaneously. The

strut properties of Figure 18 and a crew compartment weight of 8210 pounds

have been used in the analysis. The load-stroke characteristics of the strut

can be varied slightly without exceeding the crew tolerance limits or making

the spacecraft unstable.

Stability of Skid System Vehicle

For landing conditions within the criteria previously stated, this

vehicle showed good stability. Figure 19 shows the maximum tipping angles

mapped as a function of vertical velocity and roll angle.

- 66 -

SID 66-106



NORTH AMERICAN AVIATION, INC.
SPACE urtd INFORMATION SYSTEMS DIVISION

MAXIMUM

TIPPING

ANGLE,

ROLL = 45 DEG

I DIRECTION OF

HORIZONTAL VELOCITY

ROLL = 0 DEG

V v = 30 FPS

_UNSTABLE "

STABLE

V V = 20 FPS 50 DEGJ 315 DEG

V V = 10 FPS

40 DEG

DEG

ROLL = 90 DEG 270 DEG

V V = 10 FPS

135 DE( V V = 20 FPS

I
V V = 30 FPS

180 DEG

225 DEG

Z c

MAXIMUM TIPPING ANGLES MAPPED AS A FUNCTION OF

VERTICAL VELOCITY FPS AND ROLL ANGLE, DEGREE, FROM

VELOCITY PLANE (60 DEGREES IS UNSTABLE),

COEF. OF FRICTION = 0.35

HORIZONTAL VELOCITY = 30.0 FPS

SLOPE = 5 DEGREES DOWN

DIRECTION OF SLOPE = ALONG HORIZONTAL VELOCITY

SWING ANGLE = 12 DEGREES

Figure 19. Stability Limits for Radial Skids Vehicle
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The figure shows that a maximum tipping angle of 40 degrees will be reached

when landing at 15 feet per second vertical velocity, down a 5-degree slope,

in a zero swing direction, and a swing angle of 1Z degrees. This landing is

the worst obtained for vertical velocities of 15 feet per second or less.

A stability summary is included for the deployed heat shield concept

(Table 6). Landings upslope tend to stabilize the capsule but lead to greater

strut stroking. The landing at V H = 80 feet per second and V V = 15 feet per

second is a severe case since the struts previously described for this con-

cept will be stroked so that the heat shield will be closed on one side after

impact. Stiffer struts will be required for vertical velocities above 15 feet

per second.

MASS PROPERTIES

To conform with the AES engineering weight data, the Apollo Block II

weight data as given in Reference 10 were utilized as a base point to deter-

mine the weight penalty for adding a mechanical impact landing system. The

weight penalty of the mechanical landing system is considered to be the weight

of the landing gear system and the effect of all modification required on the

aft heat shield structure and inner structure.

The spacecraft includes the retrorocket system with associated

systems designed for AES on the Land Landing Study (LLS) to obtain

a vertical descent velocity of 15 feet per second. To make the LLS

design data compatible with the MISDAS installation, minor modifications

were made and are reflected in the weight breakdown.

To establish a realistic volumetric comparison, only the volume

penalty in the aft equipment bay was assessed. For purposes of this study,

the volume penalty is considered to be the total usable volume displaced by

the components, including the space provided for the movement of the struts

and rocket motors.

Table 7 presents the weight breakdown of the deployable heat shield/

radially extendable skid concept, including the retrorocket system and its

associated system necessary to obtain a desired impact velocity. The weight

analyses are for the design shown in Figures 13, 14, and 15 and are based

on detail structural analysis presented in Appendix A of this report, with

allowance for items not shown in the figures and estimates for subsystems

based on AES spacecraft data.

The landing gear system consisting of a skid assembly, outer support

ring, shock strut assembly, and hydraulic and pneumatic system, is

estimated to weigh 1030 pounds. This amounts to 9. 7Z percent of the design

landing weight.

- 68 -

SID 66-I06



NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

03

°v-I

,.Q

4.a

03

o

03

03

.r-I

,,3

o

,Q

Z

.,.4

¢'_

;_<

,.Q

f-
0

rL

•,_ o
oo

@
r_

o
bO

_d

E

0 0
N 0

5

L"-
CO

tad
CO

O

t/D
I

O

¢,1

O

trO

O
CO

)-1
kO

t""
CO

tra

O

!

O

Cq

tt3

d
oa

up

o
co

to

t...- c,l

d _4
C9 ¢q

t/D
CO

O

tO
I

O

Cq

ta"0

trO

O
¢O

tr0

alq_daoo_ _u!:,[0m _na_s

UD

L-_
Cq CO

LeO b- UD

d _ 4
co cO C_

alqels IIV

tr0 u-0 lad tra
CO _ CO CO

tf0

c4
o 0 0

I I I I

O C_ O O

C',] C'_ C_ Cq

L_ O L_

d d d

ta_ tO IX) tr5

O O O O

t.O tr3 t/'0 tra

trD tr0

u_ d
'_ e..O

up tr3
I !

o o

Ol _.l
t--t

tt'5

up u'5

o 0
cO o3

CO cO
LO U_

LO

d o
Cq LO

LO LO
CO CO

d

o

,:3
O_ o

I I

0 0

Cx] Cq

o

c_
o_ 0

o

o 0

_'J LQ

q_!q _uptoaas anaas

OseD IeU!_aeI_

od d ,_ d
•_P co co cq

to t£a tr0 to
UD co co Co

o o o o

tra to _ t.ca
I I I I

O O O O

Cq C'q Cq C'q

C',] _'_ _

o o 0 0
Cxl _ Cq

o o o o

69-

SID 66- 106



NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

4_

0
L)

CO

03

4-a
.,-4
,--4
.r4

,.o
CO

03

¢)
4-J

03

0_

.,-4

03

CO
.r-4

"0
cO

4

,---4

..o
CO

O

O

L_

t_

d

r_

Lr_

LQ L¢_

Lr_ L¢3
C_ C_

O O

_r5 L¢5
I !

O O

C9 C_

Lr_

O C9

Lr_ Lr_
C_ Cq

O

Lr_ L_

qfl!q _3u!:,toa_s:ma_S

cq" c4 t---

alqr_, s IIV

¢¢D ¢0 ¢_D

0 0 0

_D L(D U'O
I !

O Q

Ca Cq Cq

U'D

'_ e.D O

_D _ U'D

Cq ¢q

0 0 0
¢0 ¢0 _0

t"-

t_D
¢0

O

u_

0

¢q

!

O

0
¢q

O
QO

(D

_D
¢0

O

u_

0

Ca

O

O
CO

0
O0

e,.O
e_O

-70-

SID 66-I06



NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

Table 7. Weight of Radial Skid Concept

Item

Art Heat Shield Structure

Honeycomb panel i

Core

Face sheets

Braze

Frames and rings

Ring outer rim

Body to heat shield attach w

Fitting and attach

Closeouts m

Toroidal assembly

Corrugation

Skin

Splice and attach

Landing Gear Assembly

Skid Assembly

Skid housing (12)

Skids (12)

Inner ring

Skid extension device

Ring, outer support

Apollo

Block II (Sept. 65)

(763.3)

(559.6)

202.9

305.6

51.1

Weight 0b)

55.1

55.9

33.0

7.1

(52.6)
16.6

17.7

18.3

AES Addendum

(470.3)

(305. o)
157.0

103.0

45.0

55.1

15.0

33.0

10.0

(52.2)

15.0

16.0

21.2

(lO3O. o)

(595. o)
277.0

260.0

17.0

41.0

290.0

Weight Change

(-293.)

(-254. 6)

- 45.9

-202.6

- 6.1

0.0

- 40.9

0.0

2.9

- 0.4

- 1.6

- 1.7

2.7

(1030. O)

595.0

290.0

*Honeycomb panel -reduced core density and face sheet thickness to conform to decrease in landing load.

*aBody to heat shield attach -body to heat shield attach point reduced from 59 to 12. In addition, an

explosive release mechanism is provided for heat shield deployment.

*mCloseouts -edge member provided at skid housing and toroidal assembly interface.

-71-

SID 66-106



NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

Table 7. Weight of Radial Skid Concept (Cont)

°°

Item

Shock Strut Assembly

Struts (6)

Lateral supports

Attaeh fittings - sidewall
Hardware

Hydraulic and Pneumatic System

Hydraulic accumulator
Motor valve

Valves

Dampening orifices

Plumbing

Electrical provision

Support and attaching parts

Hydraulic fluid
Gas (helium)

Subtotal

Apollo

Block II(Sept. 65)

Total Mechanical Landing System Penalty
(Usable volume displaced - ft 3)

763.3

Weight (lb)

AES Addendum

(113. O)

60.0

24. 0

25.0

4.0

( 32. o)

6.0

2.0

0.5

1.0

7.0

0.5

1.5

13.0

0.5

1500.3

Weight Change

113.0

32.0

737. o

737.0

(3.5)
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The weight penalty of the mechanical landing system is the net weight penalty

of the landing gear system weight combined with the weight change of the

aft heat shield structure. This net weight penalty amounts to 737 pounds

(6.95 percent). The heat shield weight change results from the reduction

in water impact velocity to 15 fps. The heat shield weights for AES and

MISDAS are based on the stress analyses.

MANUFAC TURING CONSIDERA TIONS

From a manufacturing standpoint, the aft heat shield incorporating

radial skid housings can be considered as a new design. However, design

effort has been directed toward the utilization of the Apollo tooling and fabri-

cation techniques as much as possible. The changes on the crew compartment

are comparatively minor. In general, these include installation of additional

items, such as the actuators and support bracketry.

Manufacturing considerations placed few constraints on the aft heat

shield basic engineering design. Minor changes were made in some areas to

improve the producibility aspects. The materials contemplated for these units

are the same as currently used on Apollo, PH 14-8 Mo and PH 17-4.

Crew Compartment

To incorporate MISDAS in the AES involves some minor changes in the

crew compartment, requiring installation of support brackets, actuators,

lateral braces, new attach points for joining to the aft shield, wiring and

attendant systems for firing attach bolts and skid extender propellant, and

other miscellaneous hardware (Figure 20). The attachment of this hardware

is to be accomplished on a completed unit with very little tooling involved.

Aft Heat Shield

The aft heat shield structure is fabricated as a six-segmented center

heat shield of brazed honeycomb to which are welded 12 skid housings and

12 truncated pie-shaped outer segments of brazed honeycomb. This subas-

sembly is finished to the same diameter as the Apollo heat shield. Attached

to the periphery is a corrugated toroidal structure much the same as the one

currently used. Additionally, an outer support ring is riveted to the inner

surface of the shield to which the actuators are joined. Skids are inserted

within the skid housings and the whole unit has ablation material added in the

usual manner, except that the ablation material added to the skid will be

separated with a "no-bond" separator, permitting extension of the skid.

Center Heat Shield Section

This portion of the heat shield, as already mentioned, consists of six

segments. Each segment is a honeycomb sandwich with stretch-formed face
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sheets, chem-mill sculptured to provide welding lands and then braze-heat-

treated with the core. The inner support ring segment is machined as a ring

in the heat-treated condition and then segmented. The brazed segment sub-

assembly will be trimmed to fit, decored, and excess braze alloy removed

prior to butt-welding to the inner support ring segment. Three of the seg-

ments will be handled in a similar manner. These two half circles will then

be joined to complete this subassembly. In general, butt-fusion welding of

both surfaces of sandwich panels will be done concurrently.

This particular manufacturing approach was used for the center heat

shield as it was believed to be more predictable based on past experiences,

particularly with reference to the B-70. The possibility of butt-welding the

edge member, as a full ring, to a one-piece center portion was considered,

but it was believed a full ring weld, even though done in a staggered fashion,

would introduce excessive stresses and distortion. Another method that

should be studied further involves a completely brazed one-piece assembly

rather than a segmented assembly. The edge member would be machined as

a full ring, the skins stretch-formed, and the whole unit braze-heat-treated

as a complete assembly. Experience on the B-70 has indicated that brazed

faying surfaces were troublesome, lacking consistency and reliability.

Therefore, development effort would be necessary to verify a consistent

process. This latter method would reduce weight as well as cost, when a

technique is developed.

Outer Segments

The 12 outer segments of honeycomb will be made in a manner similar

to the previously described center heat shield. The face sheets will be

stretch-formed and chem-mill sculptured and then brazed to the core in the

usual manner. No edge members are necessary; however, excess trim will

be allowed for fitup at the next assembly.

Skid Housing Assembly

This assembly is a machined and welded assembly consisting of two

machined skid rails, an aft-housing cover and a series of skid guides which

are riveted to the inside of the rails to steady the skid as it extends. The

skid rails will be machined completelyoutof heat-treated contouredbars. The

connecting sheet is rolled, chem-mill sculptured to provide welding lands,

and then notched to permit insertion and welding of the thruster receiver at

a later operation. The two side rails (right and left) will be butt-welded to

the connecting sheet, except in the area of the thruster receiver attachment.

The skid guides (of either Teflonor aluminum) will be installed on the inside

surface of the sides and flush riveted. Material is left on the skid bearing

surfaces so that a light finishing cut can be taken after all welding has been

completed, and will be done on the next assembly.

- 74-

SID 66-106



." j

____VVRAP-5rI_C14F_.OI_ _ ...--"'xx_

FIT IO_ITUDI_L JO/NT FO_ WELIIN_

FIT _ W_'LD IN [_AFFL[_

_IL_,, _vEr FULLp_ruE_ T(X.eT._,
TKIM ENO C_l'0/Jl_fWEfJ_ _C_;_"_IN IN RL_E

(.UT VE_ql[AL __OT _FIT TIRUST FITTIN(_.
IN_TALL f WEI.D T_I[U_T RTTII_

"C

/
L

INNER _JPPORT RIT'¢__EEMENT.

O_

5E_ENT TO B_;ZE_ _EGME_VT-

FtNI_-4 MR(.HtNE i_rN_.

0 OUTERS_6_ __
B_ZE NIT. "t'RIM i.LONkl

ON iLL GD6E¢_,

• FIT 4W_LD _ 5E_1'$
T_GETMEE TO HALF [I_ELG.

FIT _ WELD oTHE£ TH_:_E

_G_I_NT_ TO HALF CIRCLE.
FiT I NELD 14#_LF,,CIRELE5

NOLL_ING.

OT.._.) .

_ugN_ CO_R

WELD HOg_IN_ _B ¢ 5fJB I_AIL_. [_

,.__



O SKID ASSEMBLY (121REO'D.

HEAT TREAT ¢ ._TRAIGHTEN

REAM THRUST FITTING

DR_LL6 TAP _OLES FOP,SKIP 51'gP

MACI.IINESKID tNAR_A 0F RAILS



• . " NORTH

• L

_T.)

BOLTON______'.)

UTE_SUPP0_TR,_;

LATERAL t_AC[:

(LEQ:D)

_ACTUATOR.

ATTACH BR_ACI(_TT

I

SUPPORT BRA(I(ET

_(_} _ ....._ _ _ACTUATOR.

LATERAL BRACE _ .-'x_ T _\_f" --

(

CREW C.0MI_RTMENT. (ADI)ITIONS)

_(ATTACN_ ,SUPPOETB£ACHE'/-_S,INSTALL LATERN. BRA{,_S

LACTUATORS, OTHER: HARDWAI_ INSTALLED IN TIIE

NORMAL NWNNEI_.

U "BOLT ON" CO_

LSKID ASSEWIBLY
(17ARTIALL¥ HX TI[NI:_EI_ - T?I_.. )

J_RTIOI_.

iI RfVET TO HO_J_6$.

_TO_ ATTACHMENT LUGS.

#_TON'COYEIL_INSTAH LATER',)

BOLTS ONJ

!IAL_._.:_.

• FINA% ASSEMBLY-HEAT _HIELD.

VENDOR IN_TALL ABLATIVE _ATEI_IAL_PI_0TECTIVELY l_IC IR'ETURN TO SLID.

_MOYE TEMPORARY ._KIDATTACHMENT,ADD SKID5TOP I EXTEND SKID PARTIALLY.

J_STA_._ PROPELLENT _RREL IN THRUST RFC.E;VEI__ I_.TI_ACT .SKID.

_N_TALL "BOLT ON" .,SKID_HOUSING CO_P,.S.

INSTALL CP.E!NC0UPARTMENT.

ATTACN LATERAL I_.ACF I ACTUATOR TO 0UT_'Rl_II,_I'INST'PL_"._O_TQN" _-

INSTAl,(, EXPLOSIVE TYPE ,I,TTACMI_IT I_, _ _'IL_W _)Mi_IMI_TNII!___

II ,iWFT_.__H__T¢.,.,.,.,.,.,.,.,._IELDAS._)L_t_.Y.



AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

I

I

FORWARD HEATSHIELD.

?
!

IIAPOLLO MODULE.

IttSTALL FWD._HEAT_HIELD ¢ COMPLETE BALANCE" OF ASc,Y

C._ECKOuT _PE_ATIONS IN THE USUAL M_NNEII_.

SYSTEM DEPLOYED AT TDUO_DOWN

WITH EXTENDED _SKID_

TOOLING LEGEND,

H /_OL LO

• AI:_OLLO M(3DI_IED

O NE_._._W

,ure 20. Manufacturing Breakdown, Deployable Heat Shield Extended

Skids, MISDAS, Study

- _ -

SID 66- 106



NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

Aft Heat Shield Subassembly

During the aft heat shield subassembly operations, the IZ skid housings

and outer segments are butt-weld joined to the center heat shield as well as

to each other. Additionally, the 12 thruster receivers and 24 skid housing

blocks are welded in place. The sequence of operations is important and will

probably be as outlined here. The skid housings will be installed first and

butt-welded to the inner support ring at the surfaces provided. The outer

end of the housing will be jig-located. After fitting and trimming, the outer

segments will be welded to the center heat shield and then to the skid housing.

A welding sequence for the radial welds will be developed on the first few

units.

The 24 skid housing blocks will be welded to the upper rail surfaces.

A light finishing cut will then be taken on the skid bearing surfaces of the

skid housing. The thruster receiver will be installed next, its location deter-

mined by apply-type tooling, indexing from the skid bearing surfaces. This

will be a manual-type weld operation.

Machining of the skid housing blocks to mate with the crew compart-

ment is one of the last operations performed. The hole pattern will be

match-drilled, requiring a comparatively simple master. The last operation

in this fixture is to machine and decore the outer periphery of the honeycomb

outer segments and skid housing for installation of the corrugated structure.

The unit is now ready for final assembly operations which include installation

of the skids, outer support ring, as well as the corrugated structure.

Skids

Manufacturing of the skids involves forming the channels wrap-stretch

formed and chem-mill tapered on the inside surface in the required area.

The longitudinal joint, including the recessed area for acceptance of the

thrust fitting, will be machined for welding. The two full baffles are located

and welded, one in each section. Four half baffles are located in the lower

section and welded. The longitudinal weld is made, after which the two full

baffles are riveted together. The outboard end will be cut to contour and the

nose skin welded into place. A vertical slot is cut in the inboard end and

the thrust fitting is mated and welded to the skid. The completed weld

assembly will then be heat-treated, after which the thrust fitting is reamed

and holes will be drilled and tapped for the skid stop. Those areas that ride

in the skid housing rails will be machined to final dimensions and curvature

to ensure a sliding fit.
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Outer Support Ring

The load-carrying outer support ring will be machined in one piece

(except for the covers) out of heat-treated material. This method was

selected over fabricating the unit of formed sheet material wrap-stretch/

wipe-formed ona Cyril Bath stretch former. Tooling and fabrication costs

will be high for the stretching operation, trimming after stretching, weld-

joining the segments together, and flush-riveting the lower cover plates. In

addition, the fit of the formed sheet metal part on the heat shield may require

additional hand work before riveting to the structure. The machined part

should not present these problems. After machining, the actuator attach

brackets will be located and riveted within the ring. The covers will be

made, holes drilled for their attachment, and the parts identified for reloca-

tion at final assembly. Since the holes in the flange for attaching the ring to

the structure are not easily accessible, they will be drilled at the time the

cover holes are drilled by drilling straight through from the upper flange.

Final Structural Assembly

The first operation in the final structural assembly is to blind-rivet

the outer support ring to the aft heat shield subassembly. Rivet holes will

be drilled from holes previously drilled in the ring flanges. The lateral

brace bracket locates from the actuator attach bracket and rivets in conjunc-

tion with the attachment procedure previously mentioned. The riveted ring

covers will then be installed, leaving the bolted covers for later installation.

At this point, the skids will be inserted to verify their fit, and rework where

necessary. The skids will be removed and the skid housing covers riveted

(inboard covers bolt on) in place. Next, the skids will be reinstalled, the

skid stop bolted in place, and the correct stop position established.

Temporarily, the skids will be attached in their closed position for shipment

to the contractor for installation of the ablative material. The toroidal

corrugated structure will be installed as the last operation in the same

fixture and in the manner currently used. The unit will then be ready for

shipment to the ablative installation contractor.

Ablative Installation

It is anticipated that the ablator installation will follow the procedures

used for Apollo. The contractor will install ablative material in the usual

manner except for the end of the skids. To ensure positive movement at

extension, the ablative material will be added to the skid as a plug with a

Teflon or other "no-bond" separator between it and the balance of the heat

shield ablator. The total heat shield will then be ground to the correct

contour and returned to S&ID.
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Final Buildup

In going through the final buildup, only those items peculiar to the AES

installation will be considered. The order in which they are mentioned is not

necessarily critical, unless they are sequencing operations. The installa-

tions and operations required will be interspersed with those normally

associated with a conventional Apollo buildup. For instance, installation of

those items containing explosives will be installed as late in the process as

possible and by personnel experienced and trained in their handling.

Before installation of the crew compartment, the temporary skid

attachment will be removed and the skid partially extended to permit instal-

lation of the propellant barrel in the thruster receiver, which has already

been welded to the skid housing. The skid will be retracted, verifying

clearances, etc., and its position will be fixed.

The bolt-on skid housing covers will then be installed. During instal-

lation of the crew compartment, the lateral arrestor brace and the actuator

will be joined to the outer support ring, after which bolt-on covers will be

installed, closing out the support ring box section. Explosive-type attach-

ments will be installed, joining the crew compartment and aft heat shield.

Electrical circuitry for firing these breakaway units will be checked out

prior to final hookup. The balance of operations and checkout will proceed

as normal Apollo manufacturing operations.
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CONCLUSIONS AND RECOMMENDATIONS

The preliminary technical studies of the application of MISDAS

indicate the feasibility of installing either concept in the AES spacecraft.

The radial skid/deployed heat shield design (Figure 13) and the six-segment

hinged heat shield concept (Figure 4) can both provide stable landing and

satisfactory impact attenuation within the range of horizontal and vertical

velocities, spacecraft-ground attitudes, and ground conditions specified in the

Guidelines Constraints and Design Criteria section.

RESULTS OF STUDY

To conform with the AES engineering weight data, the Apollo Block II

weight data was utilized as a base point to determine the weight penalty for

adding a mechanical impact landing system. The weight penalty of the

mechanical landing system is considered to be the weight of the landing gear

system and the effect of all modification required on the aft heat shield struc-

ture and inner structure.

P
Table 8 presents a summary weight and balance comparison of the basic

and modified Apollo command module. For purposes of comparison, the

command module is shown in the basic form of Apollo Block If, Apollo

Block II + segmented heat shield modification, and Apollo Block II + deploy-

able heat shield/radially extendible skid modification in the launch, prior to

impact, and at impact flight condition. These weights include the AES retro-

rocket system and its related subsystems, which are not part of the MISDAS

sys tern.

The data in Table 8 indicate that the weight penalties of the mechanical

landing system for the six-segmented heat shield concept and the deployable

heat shield/radially extendible skid concept are, 5. 25 and 6.95 percent,

respectively, of the design landing gross weight. This compares with the

design goal of 3.5 percent established by NASA.

Within the landing criteria considered in this program, both vehicle

concepts appear capable of stable land landings. Although all possible landing

cases were not investigated, the most adverse conditions were identified.

Several statements can be made regarding stability trends:

i. Vehicle stability will decrease sharply with an increase in the

effective friction coefficient of the vehicle with the ground.

PRECF_.,",'G J',:\CE DLANK NOT FILt_',ED •
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Vehicle stability decreases rapidly with an increase in normal

velocity to the ground.

. For friction independent of sliding velocity, horizontal velocity

has little effect on stability except for its contribution to normal

velocity.

. The effects of ground slope, slope direction, parachute swing

angle, parachute direction of swing, and roll angle on stability

are not easily identified. Therefore, most of the stability study

was done for different combinations of these angles. The most

unstable condition was landing with horizontal velocity in the

direction of downslope and a maximum impact angle of 17 degrees

(12-degree parachute angle), zero-degree direction of swing, roll

angle of zero degrees).

So A horizontal velocity of 30 feet per second has been used to deter-

mine the stability envelope. This velocity is sufficiently large to

allow the vehicle to slide after initial impact without appreciably

changing its normal velocity when landing on up or down slopes.

Larger horizontal velocities have been found to give a resultant

decrease in normal velocity, with stabilizing effects on the vehicle

landing up or downslope.

The design investigations of integration of retrorockets and the mechan-

ical impact attenuation systems into the Block II Apollo command module

indicate that such an integration is technically and physically feasible for both

the segmented heat shield concept and the deployable heat shield/radial skid

concept. It must be recognized that the actual structural modifications and

equipment rearrangement of the high-density packaging in the aft equipment

bay necessary to accommodate the retrorocket and mechanical impact

attenuation systems are significant changes, although vehicle shape and

mold lines are not affected. The requirements and conceptual design of

the shock struts were reviewed by the Loud Company, Menasco Manufac-

turing Company, and the Cleveland Pneumatic Tool Company, and found

to be feasible. Appendix B presents a letter from the Cleveland Pneumatic

Tool Company commenting on the design. Only normal engineering develop-

ment is required for these members.

SUGGESTED FOLLOW-ON PROGRAMS

A final definition of the MISDAS installation in AES will require a

detail design, development, fabrication, and test program. The major steps

and preliminary schedule in such a program are outlined in the following

section and in Figure 21. It is recommended that a follow-on effort be

initiated, especially in the following areas.
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Development of Segmented Heat Shields

This effort should involve (i) investigation of problems related to

space exposure, entry, deployment, and landing of a craft with a heat shield

segmented to permit deployment and use of portions of it as landing and

impact absorption element, (2) study of heat shield splices, ablative non-

adhesive edge members, hinge and separation lines, and deployment devices,

and (3) fabrication and testing of segmented ablative heat shield specimen

under representative entry conditions to evaluate edge erosion, ablation,

and sealing.

Stability of Legged Vehicles

This effort should involve the expansion of computer programs devel-

oped under Contract NAS9-4915 to cover more realistic situations, ground

conditions, and vehicle attitude than those assumed during the contract.

Scale Model Tests of Stability and Impact Attenuation

Verification should be made of stability and attenuation values obtained

theoretically through model testing, to raise confidence level and to determine

the influence ground slope, terrain discontinuities, ground coefficient of

friction, etc.

Installation of MISDAS on Apollo Boiler Plate

Verification should be made of volume and weight requirements of

actual hardware; structural effects of landing loads on inner structure and

support bracketry; overall acceleration levels in the vehicle, specially life

supported systems; verification by testing of water landing capability of a

vehicle equipped with ground landing attenuation systems.

Shell Dynamics of Land Impact

Analytical and test verification should be made of the interaction of a

spherical shell structure (simulating the Apollo heat shield) impacting land.

Analytical programs should be developed to account for soil elasticity and

deformation of shell structure.
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SUGGESTED DESIGN, DEVELOPMENT,

PROGRAM

I,

AND QUALIFICATION

Detail Design and Analysis

a. Prepare design specifications

b. Prepare drawings

(I) Impact attenuation mechanisms

(2) Structural modifications

(3) Systems relocation

c. Build a MISDAS/Vehicle integration mockup

d. Modify dynamic landing stability program to include:

(i) Realistic soil characteristics

(2) Dig-in conditions

(3) Real strut characteristics - strut optimization

e. Perform dynamic analysis

f. Perform structural analysis

g. Perform detailed test programs

(1) Development

(2) Qualification

(3) Acceptance

h. Prepare manufacturing plan

(i) Tooling

(2) Facilities

Suggested steps apply to the two concepts studied

in Contract NAS9-4915 - Phase II. Areas where detail

design and analysis are necessary include:
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t

(a) Ablative and steel heat shield redesign

(b) Impact attenuation members installation,

deployment, and operation

(c) Shock struts

(d) Heat shield support members

(e) Command module modified structure

System Development

a. Segmented ablative heat shield tests (see sketch below)

(I) Exposure of joined ablative samples to space

environment

(2) Exposure to entry conditions, including thermal-

structural tests of joined samples to determine

effects of strain, erosion, material degradation,

bonding material expansion, hardening and soft-

ening of thermal protection materials, heat shield,

landing shoes, and skids deployment forces, and

land and water impact

/

SCALING / I 7"_L-'.

COMPOUND _ _)_[_i

/

TIVE
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b.

C°

Thermal-structural tests of segmented steel heat shield

(reduced scale model). See sketch below.

(I) Thermal effects of space and entry conditions: strain,

distortion _

(2) Structural effects of entry, deployment, and landing

Shock absorber system. See sketch below.

(1) Space environment effects (temperature, vacuum) on

seals, structural materials, and fluids

q__ _o_o_

/2 - "/.._ ff

'EA'_/////_.,,..

(2) Load - stroke characteristics required by dynamic

landing

(3) Reusability requirements
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d, Landing energy absorption unit tests (assembly of heat

shield and deployed or undeployed struts). See sketch below.

(I) Space environment effects on joints, bearings, seals,

etc.

(2) Entry conditions effects on unit

(a) Thermal and load induced deflections and stresses

(b) Thermal effects on structural and sealing compound

materials

eo

(3) Land and water landing. See sketch .

(a) Total unit energy absorption characteristics

(b) Deformations caused by landing on different

soils

(c) Energy absorption characteristics on water

landings (deployed and undeployed units)

Segmented heat shield tests (reduced scale)
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,

(i) Mechanical and thermal stresses and deflections

(2) Entry loads

(3) Land landing impact (deployed system)

(4) Water landing impact (deployed and undeployed

system)

f. Scaled spacecraft model with MISDAS installed tests

(I) Land landing stability

(2) Water landing stability

(a) Deployed system

(b) Undeployed system

(c) Flotation stability

Qualification Test Plan

Install MISDAS on Apollo boilerplate or used spacecraft

Land drop tests (MISDAS deployed)

(i) Mechanical integrity of support structures, energy

absorption system, heat shield (deflections)

a,

b.

Co

(2) Stability verification

(3) Crew g limits verification

Water impact drop tests

(i) Crew g limits verification
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(2) Floating stability

(3) Command module water tightness verification

d. Water impact drop tests (MISDAS not deployed)

(i) Crew g limits verification

(2) Structural integrity

(3) Floating stability

(4) Command module water tightness verification

e. Refurbishment and reusability

(I) Land and water impact effects on permanent structure,

MISDAS attach structure, energy absorption compo-

nents, steel heat shield fixed portions, steel heat

shield rings, hinges, and moving portions
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APPENDIX A

STRUCTURAL ANALYSIS CALCULATIONS

This appendix presents the structural analysis cal-

culations performed in support of Contract NAS9-4915,

Modification 2, dated 22 December 1965.

This analysis is based on Figures 4, 5, 13, and 14,

and the Guidelines, Constraints, and Design Criteria

section of this report. Summaries of loads and

margins of safety are included in this report. Allow-

able stresses are given in Appendix C.
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APPENDIX B

TECHNICAL INFORMATION CORRESPONDENCE

This appendix includes a reply from Cleveland

Pneumatic Tool Company to a NAA request for technical

information based on a review of Drawing 5260-14.

8
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THE CLEVELAND PNEUIIIATIC TOOL COMPANY

t301 E. EL 8_¢GUNDO 80ULEV,4RD • EL 8EGUNDO, C,4LIFORNIA • PFIO/V_.." (213) 8PFIIhlO 2-f381

February ii, 1966

LA 4-788

Mr. R. W. Vogler ,Mail Station GA80

North American Aviation, Inc.

Space & Information Division

12214 Lakewood Blvd.

Downey, California

Subject: NAA Request for Technical Information

Reference: NAA Letter M6A2-E-4-5034

NAA Drawing No. 5260-14

Gentlemen:

Drawing No. 5260-14, has been reviewed. The following

coments are offered relative to feasibility, weight and delivery.

a) The method of stowing the struts fully-compressed

and uncharged is good.

b) The six leg system is good. The performance of the

assembly for one leg landing, and for six leg land-

ing will vary significantly. An analysis of this

requires a computer study.

c) The two telescoping pistons will result in a step

in the load-stroke curve when the second piston is

picked up during the stroke. We suggest that an

orifice might be added to the piston head of the

larger piston. Then, the small piston would dis-

place oil through this orifice, while both pistons

would displace oil through the orifice provided in

the line. This arrangement would increase the over-

all efficiency.

d) The overall efficiency of a constant orifice shock

absorber does not equal that of a metered orifice.

As a general rule, the efficiency of a constant

orifice shock absorber will be about 60 percent.

A ." ,:(//'t,'_lL )t,,,It:/Y OF PNEUM('_ L! YN,4MI,C.'pt ¢ " /._t ," _'..'11TId )N
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NAA - S&ID 2/11/66

e) Rough calculations indicate that the construct-

ion shown may be unstable as a column. We sug-

gest that a careful analysis be made to investi-

gate this problem.

f) Without delving into the stress problem noted

under (e), any weight estimate is of little

value. Therefore, we refrain from making any

estimate of the weight.

g) A ship set of shock absorber units could be de-

signed, manufactured and drop tested in about

12 months after award of contract.

If any additional information is required, your in-

quiry will receive my immediate attention.

Very truly yours,

THE CLEVELAND PNEUMATIC TOOL CO.

HGW/Ih Hugo e. Wesp _J

cc: W. A. Lavery

Ben Nye
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APPENDIX C

MATERIALS EVALUATION

The materials requirements for the MISDAS application are derived

from the AES mission and the operational and loading requirements of the

landing impact attenuation system. The structural components that form

part of the aft heat shield (landing legs, skids, skid housings, and associated

fittings) were designed for a temperature range of -150 F to %600 F. These

values, which represent the extreme temperatures at the ablator/heat shield

interface, are somewhat conservative for structural design. Structural

components attached to the inner capsule are designed for its anticipated

temperature range of -150 F to %200 F. In general, the materials used

for similar applications to Apollo are satisfactory for the MISDAS system,

and no material development programs are required for the structural
members.

The parameters of major importance with respect to materials selec-

tion for a land landing system are strength (Ftu , Fty), density (P), toughness
(notch strength, impact resistance), rigidity, producibility, and corrosion

resistance. The high-strength aluminum alloys, corrosion resistant steels,

and titanium alloys all possess these characteristics to the degrees shown

in the data presented in Table 9.

The structural members of the heat shield, landing legs, skids, skid

housings and associated supports and the shock struts could be fabricated of

a high-strength corrosion-resistant steel, such as the PH 14-8 Mo material

used for the Apollo heat shield. This alloy is readily weldable and affords a

desirable combination of strength, toughness, rigidity, and corrosion

resistance. The use of PH 14-8 Mo or equivalent high temperature metallic

heat shield structure provides thermal protection in case of a premature

failure of the ablator. The corrosion-resistant steels are favored for these

parts over the high-strength titanium alloys because of superior fabrication

and welding characteristics and greater ductility and toughness.

A superalloy such as Inconel 718 may be used for the skid thruster

of the radially extended skid system. This material provides a significant

combination of high-impact resistance, notch toughness and strength at

cryogenic, ambient, and elevated temperatures. It readily welded and

brazed to it self and to other materials such as the type 18-8 stainless

steels (304L, 321, 347, etc.).

- 161 -
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The fasteners and threaded members, should be fabricated from

corrosion resistant steels of high strength toughness and corrosion

resistance at the range of temperatures previously noted. An alloy that

meets these requirements is A-Z86, the standard material used for Apollo

fasteners.

The thin-walled bellows around the rocket nozzles and shock struts

may be subjected to high temperatures and corrosive gases from the

retrorockets. These members must be very flexible, thin walled, weldable

items. Depending on actual temperature requirements, stainless steels,

such as Types 304L, 3Zl and 347, or superalloys, such as Inconel 718 can

be utilized.

Aluminum alloys, such as those used in Apollo bracketry, reinforce-

ments, and attachments to the inner structure are considered satisfactory

for similar applications with the IVLISDAS installation.

The requirements for heat shield ablator and ablative edge members

at the interfaces between leg segments and fixed heat shield are identical

to the Apollo and AES heat shield criteria. The ablator must provide

thermal protection; joints must be sealed against aerodynamic entry heating;

and moveable legs must be extendable after entry. The AVCOAT 5026-39

basic ablator and the silicone-based joint compound (Reference 6) developed

for Apollo are applicable to the MISDAS installation.
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Item

Stainless Steels

PH 15-7 No _ 1050)

PH 14-8 Mo (BCHT 1050)

A-286

Aluminum Alloys

2014 T6

6061 T6

7075 T6

Nickel Base Alloys

Inconel 718

Steel Alloys

4140 (180 ksi)

18-8 Mar-Aging

Titanium Alloys

Ti 5A1 - 2. 5 Sn

Ti 6A 1 - 4 V

*Reference. 4

**Reference 11

***Reference 12

NAA-Apollo

Temperature

Limitation

-150 F

-300 F

-423 F

-300 F

-423 F

-I00 F

-423 F

-65 F

New alloy

-300 F

-300 F

Room Temperature Properties 300 F Prop!

0. 101

O. 098

O.I01

0.296

0.283

0.289 240 *m 230 *m 830 12 _'* 18 28.2 _* 232 u* 204 _'*

0.161

0.160

190" 175" 686 2* 4 30.0* 175" 158" 6

185 # 175 w 668 II _ 6.5 29.0 _ 172 _ 158 w 6

140" 95* 490 26* 56 29.0* 131" 90* 4

67* 59* 663 6* 2.4 10.7 57* 49* 5

42* 35* 428 9* 8.5 10.1 35* 28* 3

77" 66* 762 7" 4 10.5 55* 47*

115" II0" 714 i0" I0 15.5* 94 87 5

155" 145" 969 5* 17 16.3* 136 119 8

0.277

0.277

O. 286

180" 150" 608 116" 12 29.5* 172" 144" 51

180" 165" 636 10" 7.5 29* 173" 146" C

p Fry Fry F_/p e Impact Ec Fty F F t
fib/in. 2) (ksi) (ksi) (_3) (%) (Charpyv) (106) (ksi) (k_) (I!
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Table9. MISDAS Study Project Material Properties and General

Characteristics of Candidate Alloys, -150°F to 600°F

600 F Properties

/P! e F F F_/P e F

3) c o)

-150 F Properties

Fry F./P e Impact
(ksi) (_0 3) (%) (Charpy v)

I

Other Characteristics

2 2* 160" 135" 578 3* 211" 195"

1 4_" 162"* 138" 585 3.5 _ 195 189

8 21" 126" 87* 441 19" 163" 102"

761 2* 2*

704 12

567 30* 56*

1. Good metals joining characteristics
2. Good corrosion resistance

I. Poor weldabiliry, good brazing
characteristics

2. Excellent corrosion resistance

6* 12" 9* 119 14" 70 63 693

I0" 8.6 6.3 98 47 37 479

I0 3.5

10.5 9

12.7" 82 71 812 10.8 4.5

1.

2.

I.

2.

I.

2.

Good metals joining characteristics

Acceptable corrosion resistance

Excellent metals joining characteristics
Good corrosion resistance

Poor metals joining characteristics

Acceptable corrosion resistance

1 16" 167" 139" 564 19" 196" 161" 662 15" 1. Excellent metals joining characteristics
2. Excellent corrosion resistance

9* 158= 124" 558 13* 187 178 660

I0.8_'_212 =_ 186'=N'! 733 II=_ 264 253 913 21

1. Good metals joining characteristics

2. Requires protective coating against

the atmosphere

1. Good metals joining characteristics
2. Good corrosion resistance

3. Low temperature thermal (900 F aging)
treatment facilitates ease of fabrication

4. Requires protective coating against

the atmosphere

I0" 74* 66* 460 13" 140 136 869 8.5 I0

5* 122" 98* 762 4. 5* 216 198 1350 II
1. Coefficient of thermal expansion

varies significantly from PH 14-8 Mo,

the Apollo heat shield material.

2. Titanium welding requires special

equipment. An inert atmosphere weld

chamber is preferred. Welding most

MISDAS components in a chamber

would be impractical.

3. Good corrosion resistance against the
elements.

-dlR, 164 -
SID 66-106


